The effect of underbody configurations on the wake of a high-speed train (HST) is numerically investigated with improved delayed detached eddy simulation (IDDES). There are two train models which are different in underbody configuration, i.e., complex train with bogie sections and simplified train with flat underbody. Both time-averaged and instantaneous wake structures are compared for the two underbody configurations. For both underbody configurations, a pair of counterrotating streamwise vortices exists in the wake. The vortex pair of the complex train oscillates more violently along the spanwise direction, leading to a wider wake than that of the simplified train. In addition, each of the vortex pair appears alternatively in the wake of the complex train, while the wake of simplified train presents simultaneous coupled vortex pair. The difference in the wake of the two underbody configurations can be attributed to the effect of bogie sections.
INTRODUCTION
The wake of a modern high-speed train (HST) is generally expected to be a _________________________ complex, unsteady, three-dimensional structure consisting of shear layers, vortex shedding, separation and recirculation regions, and a pair of counter-rotating streamwise vortices. [1] .
The pair of counter-rotating streamwise vortices is alternatively dominant, 180°out-of-phase at a frequency of S t =0.2, which may be caused by vortex shedding from the side of a train [2] . This periodic wake structure coincides with fluctuation pressure on the surface that show significant effects on the drag and stability of HST [3] . Different research approaches have been utilized to investigate the wake of a HST. The scale model wind tunnel has been successfully used to quantify the main wake flow features and identify the cause of slipstream characteristics of a HST [1] . On the other hand, with the increasing availability and accuracy, computational fluid dynamics (CFD) has become a viable tool for the investigation of HST aerodynamic. In general, CFD can circumvent the barrier of practical wind tunnel tests. For instance, the moving ground can be simulated easily and models or approximations exist to handle high Reynolds number cases. Additionally, CFD provides much more detailed information of the flow, which is helpful for understanding the inherent physics and mechanism of the issues concerned [4] . A systematic comparison of accuracy of different turbulence models applied to slipstream prediction of a HST has been conducted by Wang [5] , which shows that IDDES presents superior consistency with the experimental data in the predicting slipstream. Muld applied Proper Orthogonal Decomposition (POD) to study the flow structure of the Aerodynamic Train Model (ATM) with bogie section under the body and two different flow structures are extracted in the wake of the ATM, namely vortex shedding and bending of the counter-rotating vortices [6] . Two groups of clusters associated with different structures are extinguished, either predominantly periodic structure or more closely to oblique, longitudinal vortices, by using a cluster-based reduced-order modelling (CROM) based on a simplified train model [7] . Pan has investigated the distribution of turbulence kinetic energy and turbulent energy in the wake based on a simplified train model without bogie section [8] . It shows that the turbulence kinetic energy is remarkable in the near tail region and the turbulent energy transfers along spanwise direction. Moreover, the effects of roofangles of a generic HST tail with no bogie section have been discussed, showing that lower roof-angles geometries have higher slipstream. Separation occurs for large roof angles, whilst the flow remains attached for small roof angles [9] . However, the effect of underbody configurations on the wake of a HST has not been fully answered in previous researches. It is hence worthy to investigate the relationship between underbody configuration and wake structure. The present work focus on identifying the effect of under configurations, i.e., with or without the bogie sections, on the wake flow dynamics of a HST.
METHOD

Physical model
In order to realistically represent the flow around a HST, a complex 1:50 scale HST model with two coaches is chosen. The train model is 1.02m (Length) × 0.065m (Width) × 0.072m (Height). A lot of details are considered including cowcatcher, bogies and windshield. The model is shown in Fig. 1 . 
Numerical setup
The time-dependent IDDES (based on SST model) [10] used in this paper is a hybrid RANS-LES model, which combines the advantages of the delayed detachededdy simulation (DDES) and the wall-modelled large eddy simulation (WMLES). The DDES provides shielding against grid-induced separation (GIS) caused by the grid refinement beyond the limit of the modelled stress depletion (MSD) [11] . The WMLES model is designed to reduce the Reynolds number dependency and to allow the LES simulation of wall boundary layers at much higher Reynolds numbers than standard LES models.
Computational domain and boundary conditions
The size of computational domain is 54W (length) x 5.2W (width) x 5W (height) and the details is shown in Fig. 2 . These dimensions give a blockage ratio of 2.3%. The boundary conditions are specified as following: velocity inlet for the inlet; pressure outlet for the outlet, non-slip wall condition for the train body and the stationary ground; symmetry for the rest boundaries. 
Numerical schemes and grids
The simulations employed a segregated incompressible unstructured finitevolume solver. To discretize the convective terms of the momentum equations, a hybrid numerical scheme [12] was used to switch between a Bounded Central Differencing Scheme(BCDS)where LES is active and a second order upwind scheme where RANs mode is active, while a second order upwind scheme was used for the turbulent quantities. The IDDES simulation was initialized by the steady RANS results.
The Reynolds number is 1.3×10 5 based on the height of the HST. The topology of the computational grid is trimmer, which contains prism layers at the wall boundaries and a perfect hexahedral grid in the rest of the domain, and the prism layers are connected to the hexahedral grids by trimming them. A sensitivity study is performed on three different grids with different numbers of cells for the complex train: coarse, medium and fine grids consisting of 5.7 million, 9.8 million and 13 million cells, respectively. Fig.3 shows the fine grids distribution around the train. The maximum spatial resolutions of the model surface-cells expressed in the wall units are shown in Table 1 ,where U * is the friction velocity, n is the distance between the first node and the train surface in the wall normal direction, Δl is the cell width in the streamwise direction and Δs is the cell width in the spanwise direction. 
Numerical validation
The numerical simulation of this paper was validated by the wind tunnel experiment conducted in Shanghai Automotive Wind Tunnel Center (SAWTC). Time-averaged force coefficients comparison of IDDES and test is shown in Table 2 . The force coefficients are defined as: 
where F x , F y and F z are the drag force, side force and lift force respectively, ρ is the density of the air, U ∞ is the inlet velocity, and A x is the projected area in the x direction. The C D result shows little difference between coarse grids and fine grids. Compared to test results, the deviation of C D is 7%, 5% and 1.5% for coarse, medium and fine grids respectively. In terms of C L , the deviation is -33.3%，51.9% and 17.6%. Overall, the simulation results using the fine grids corresponds well with test results, indicating that the resolution of the fine grids is adequate. The following discussions are all based on the simulation using the fine grids. Figure 4 (a) and (b) shows the time-averaged vorticity contours and velocity vectors at the plane x/W=1 in the wake of simplified model and complex model, respectively. It can be noted that a dominating pair of counter-rotating streamwise vortices, well-established in literature [1] [2] [3] [5] [6] [7] 13, 14] , exists in both configurations. The vortex pair moves downwards and outwards in the wake. The dynamics of this pair of counter-rotating longitudinal vortices is consistent with inviscid flow theory. The self-induction of the vortex pair and interaction with the image pair causes the pair to move initially towards the ground and then away from each other [1, 2] . As the pair approaches the ground, some level of flattening of the cores occurs [13, 14] . However, compared to the simplified train, the larger spanwise size of vortices with lower peak vorticity level and the more distinct flattening of the cores in the complex train can be observed in complex train. Figure 5 (a) and (b) presents the instantaneous vorticity contours and velocity vectors at the plane x/W = 1 for three different times in the wake of simplified model and complex model, respectively. For both configurations, the two vortices with the most highly concentrated vorticity are exactly the well-known pair of longitudinal vortices. In addition, near each longitudinal vortex, there appear some relatively strong vorticity concentrations, whose sign is opposite to that of the longitudinal vortices. As shown in Figure 5 (a) and (b), the streamwise vortex pair presents oscillation in the spanwise direction for both two underbody configurations. However, the differences of the instantaneous wakes between two configurations are evident and a more intensive oscillation of the vortex pair exists for the complex train. In addition, for the simplified train, each side of the pair of vortices is coupled with each other and appears simultaneously. To the contrary, each of the vortex pair appears alternatively, resulting in increase/decrease alternately vortex size and vorticity for the complex train. Figure 6(a) and (b) exhibits the instantaneous vorticity contours and velocity vectors at the plane z/W=0.28 for three different times in the wake of simplified train and complex train, respectively. Notably, vortices pairs are more well-aligned which keep couples along the streamwise for the simplified train. However, the arrangement of vortices of the complex train presents to be tanglesome, in which each side of the vortex pair appears alternatively to a certain extent, which is particularly obvious in the Figure 6 (b) at the moment of T1. Difference can also be captured on the spanwise oscillation amplitude of the vorticities, where the complex train is larger than that of the simplified train. 
3.RESULTS
Time-averaged flow
Instantaneous flow field
CONCLUSIONS
IDDES is applied in the present study to explore the effect of underbody configurations on the wake of a 1/50 scale HST. Two typical underbody configurations are considered, i.e., the simplified train with flat underbody and the complex train with bogie sections. Apparently, underbody configurations have significant effects on the wake structure of a HST. There exists a pair of counterrotating vortices in the wake of both two configurations by observing the timeaveraged vorticity contours. Furthermore, the spanwise dimension of vortices for the complex train is larger than that of the simplified train, due to more violent spanwise oscillation in the wake. In addition, the counter-rotating vortices pair generally appears simutaneously in the simplified train. However, alternating dominant streamwise vortex pair exists in the complex train. Thus, a plausible scenario can be described that bogie section of a HST may induce the periodically alternating dominant vortices in the wake of a HST.
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